We examine the utility of applying a force between a pair of non-contacting spacecraft for orbit change and maintenance maneuvers. These types of forces are internal to the overall system, allowing them to modify the angular momentum of the individual spacecraft while conserving the angular momentum of the system as a whole. By combining this type of forcing model with equations for the time derivatives of the orbital elements, we identify the relative configurations of the two spacecraft that modify the orbits in a desirable fashion. This type of inter-body interaction is applied to an example case of orbit maintenance in the presence of atmospheric drag.
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I. Introduction
Spacecraft relative motion is becoming a critical topic as missions begin to involve an increasing number of independent vehicles. This field encompasses multibody dynamics, perturbation analysis, formation flight, and technological advances in non-contacting interactions. Many have studied non-contacting formation flight. Miller et al proposes stationkeeping via an electromagnetic interaction among vehicles.
1, 2 Schaub et al considers a set of vehicles in orbit maintaining separation through electric charges on the spacecraft.
3, 4 Peck, Norman, and Shoer focus on how to utilize the idea of flux pinning between a magnet and a superconductor to passively maintain separation in orbit. [5] [6] [7] [8] Tragesser looks at what kind of formations are possible utilizing momentum exchange and radiation impingement. 9 All of these approaches apply a force internal to the set of spacecraft to modify the natural motion of the individual vehicles. Tragesser's work in particular applies to our area of interest, as it addresses a non-contacting force applied along a separation vector between vehicles and focuses upon the formation keeping aspects and linear stability analysis of such a non-contacting system. These previous approaches utilize internal, non-contacting forces to effect a static formation through continuous forcing. Examining the effects of a temporary application of this type of interaction informs a different class of problem: what kinds of orbit change maneuvers can be accomplished by allowing the spacecraft to spatially separate? Burns reexamines the classical perturbation equations in an effort to describes the effects of an extra forcing term on the time derivatives of the orbital elements in the two-body problem in physically meaningful quantities.
10 These perturbation equations provide insight into how the orbit of a spacecraft would evolve under the influence of a known force. Assuming the strength of this force and time of application are a user-controlled inputs to the system, these equations aid in the evaluation of particular control time-histories. Combining classical perturbation theory with a generalized description of these internal forces allows us to examine the effects of these interactions on the individual bodies and the system as a whole, with the goal of devising maneuver strategies from them.
II. System Model
We consider two spacecraft on independent, closed orbits about a common central body in Fig. (1) . These bodies interact via a generic force internal to the set of spacecraft, and as a result, the orbital elements describing their motion change. The vector equations of motion describing this system are found by setting Figure 1 . Free body diagram describing two point masses in orbit about a central body with a force internal to the system acting upon them equal the time derivative of linear momentum with the forces acting upon the objects. Considering only the gravitational attraction to a central point mass and an unspecified force internal to the system that acts between the two point masses with a strength of K, these equations take the following form:
where vector ρ = r 2 − r 1 describes the relative position of the two bodies.
As an internal force in a multibody system cannot affect the total angular momentum of the system, we expect this vector to be constant before and after the actuation. While the sum of the angular momentum vectors remains constant, angular momentum can be exchanged among the bodies.
Non-contacting inter-body forces are typically associated with a maximum effective range, ρ max , determined by parameters specific to the system. When the separation between the pair of spacecraft is larger than ρ max , the effects of the inter-body force are negligible or non-existent, and the evolution of the position and velocity of the spacecraft are governed by gravitational attraction and relevant environmental perturbations. As the separation distance drops below ρ max , however, this additional forcing mechanism augments the dynamics of the system, allowing for modification of orbital elements and other relevant dynamical quantities. Describing these two modes of operation governed by different dynamics and the conditions that must be met to switch between them establishes some of the basic components of a hybrid system model. Fitting this problem into a hybrid system model potentially opens up avenues of analysis ranging from state reachability to control synthesis.
11, 12
Figure 2. Basic depiction of a hybrid system model with two discrete modes of operation governed by different dynamics. In one mode, the dynamics are determined by gravitational attraction to the central body and modeled environmental disturbances. In the second mode, the dynamics are augmented by an inter-body force acting between the spacecraft. The hybrid system transitions between the two modes based on a comparison of the separation distance to a maximum value.
The separation distance ρ between the spacecraft depends upon the lengths of and the angle between the spacecraft position vectors measured from the central body.
Assuming simple Keplarian orbits in the absence of any perturbations, the evolution of the separation distance can be propagated forward in time and compared to ρ max to determine at what points in time the spacecraft are close enough to interact. The ability to interact, however, does not guarantee that the result of the interaction would be favorable to a given target maneuver. These possible interactions can be evaluated on the basis of how they would affect quantities of interest if the interaction were to take place. As this perturbing force affects the time derivative of the orbital elements and not the elements themselves, evaluating the sensitivity of these time derivatives to the strength K of an internal force acting along the vector ρ between the spacecraft indicates what qualitative changes in the system's state we should expect if an interaction were to take place. Examining these sensitivities throughout the range of possible interactions allows one to select the relative configuration best suited to producing the desired changes in the resulting orbits of the spacecraft while minimizing changes deemed detrimental.
III. Sensitivities for Coplanar Orbits
If we consider the two spacecraft involved as point masses, we can describe their independent two-body motions as two sets of six orbital elements:
Many authors have worked towards describing the evolution of orbital elements under perturbations in a clear and physically intuitive manner. 10, 13, 14 Several important parameters take particular forms while e < 1 and can be described in terms of orbital elements:
For coplanar orbits, The angle γ between the position vectors of the two spacecraft can then be described n terms of the argument of latitude:
The perturbing accelerations described in Eq. (1) can be broken into scalar components:
wherer 1 is a unit vector pointing from the central body to m 1 ,ŵ 1 is a unit vector parallel to the orbit angular momentum, andŝ 1 =ŵ 1 ×r 1 . The corresponding perturbing acceleration applied to m 2 in Eq. (2) can be similarly decomposed:
Consequently, we can combine the descriptions of the components of the accelerations with Eqs. (8) - (13) and equations for the time derivative of the orbital elements 1 and 2 found in Vallado.
14 Taking the partial derivatives of these equations for˙ 1 and˙ 2 with respect to the strength of the interaction, K, provides the sensitivities we seek:
Similar sensitivities can be derived for quantities such as angular momentum, orbital energy, and orbital period in terms of sensitivities and orbital elements:
Figure (3) plots the separation distance between two nearly-circular orbits, along with the corresponding sensitivity plots forȧ 1 andė 1 as an example of the interaction selection. The separation plot indicates two possible periods when the interaction between the spacecraft can be utilized. Within these two periods, we find that each of these opportunities would result in very different changes toȧ 1 andė 1 . One might, for example, care to only interact during times where the a 1 would increase and e 1 would decrease. Examining these sensitivities allows us to select the times over which this combination of desired outcomes could be achieved. A simple "Bang-Off" controller could be developed that uses this logic. Another subtlety to these systems is that each interaction should ideally set up future interactions so they, too, could effectively work towards some user-defined target end state. For example, the interactions have the potential to change the semimajor axis of the vehicles, the orbit periods, and the interaction times. In short, the interactions need not only work towards the target orbits of the spacecraft but also ensure the "health" of the system at each step along the way. Balancing and quantifying these requirements represent the next major step along the path to applying this concept to complex orbit problems.
IV. Simulation Results
This section endeavors to demonstrate the utility of this inter-satellite forcing arrangement through an example mission. Two spacecraft are placed in low-altitude orbits, and internal forcing is used to counteract atmospheric drag. Atmospheric drag plays a crucial role in determining the operational lifetime of spacecraft in low-altitude orbits.
15 Typical solutions to the drag problem are to either restrict the spacecraft to higheraltitude orbits or expend fuel. Both solutions represent a reduction in the mission design space.
Some configurations of spacecraft utilizing these inter-satellite forces, however, may relax the minimum altitude restrictions and fuel expenditure. Many of the current technological options for inter-satellite forcing are based on electrical propulsion concepts. Photonic Laser Propulsion (PLP), for example, is a low-thrust, high-I sp , long-range, propellentless propulsion option currently being developed. 16 Utilizing this technology for orbit maneuvers or maintenance would require either continuous or periodic actuation in order to produce useful effects. A pair of spacecraft in similar-sized, circular, coplanar orbits with one having posigrade and the other retrograde motion must pass each other twice per orbit, guaranteeing that opportunities arise for these interactions to take place as long as we maintain this orbit geometry.
Aside from potentially providing two forcing opportunities per orbit, examination of Eqs. (3), (4), and (5) for this configuration shows that if the forcing takes place as the spacecraft recede from each other, the magnitude of the angular momentum of each spacecraft will increase, resulting in an increase of semimajor axis. This change can also be seen by examining the time derivative of orbital energy described in in Eq. (11), or by examination of the relevant portion of Eqs. (18) and (19). Table ( 1) describes the parameters that allow us to set up a simulation of this hybrid system model for a pair of spacecraft in LEO. A PLP system provides an example inter-body force between the two spacecraft and a simple exponential model of the atmosphere with coefficients taken from Vallado produces a drag force on the spacecraft.
14 Here, we increase the strength of the interaction, K, above the experimental setup Prior to initializing a simulation, we examine the predicted periods of interaction and how the interaction should affect the spacecraft orbit states. During each of those possible interaction times, we predict the relevant sensitivities using Eqs. (18) and (19). For this example case, we are interested in maintaining the size of the orbit, so we examine the sensitivity of the time derivatives of the semimajor axes of the spacecraft to the inter-satellite force. In the absence of perturbations, the spacecraft follow deterministic Keplarian orbits, and the periods of possible interaction are easily identified without numerical integration.
Figure (4) plots these sensitivities for our example mission. An interesting side effect of this configuration is that each potential interaction is identical to the others in terms of their effect on semimajor axis. There is no immediate benefit in choosing a later interaction than the first available. From these plots, we choose to interact only at times when the sensitivity ofȧ 1 andȧ 2 to K is positive, corresponding to the range of times just after a closest approach until the separation distance reaches ρ max . Figure 4 . Top: Plot of separation distance between spacecraft for example case as a function of time in the absence of an inter-body force, and the maximum interaction distance, ρmax. When the plot of the separation distance drops below the line representing ρmax, an interaction can theoretically take place, and the sensitivities of relevant parameters to K, should be examined. Middle: A plot of the sensitivity of the semimajor axis of spacecraft 1 to the inter-satellite forcing strength, K, against time. Bottom: A plot of the sensitivity of the semimajor axis of spacecraft 2 to K, against time. These plots indicate that with each possible encounter between the spacecraft, they can both decrease their semimajor axis by interacting before they pass each other and the separation distance begins to grow, or they can both increase their semimajor axis by interacting after the pass.
Once the first interaction has been described, the dynamics of the hybrid system model are propagated forward until after the first interaction has completed and the spacecraft are back in their non-interacting mode. The separation distance and sensitivity plots can then be generated for the then-current orbit conditions to determine the best second interaction time and the process repeated.
Figure (5) depicts the simulation time histories of the semimajor axes and the orbit radius at perigee of the two spacecraft. As expected, the inter-satellite force causes sharp periodic increases in a 1 and a 2 , allowing it to counteract the gradual decline due to atmospheric drag. As the interactions are for very short durations compared to the orbit period, we can examine the effective tangential ∆V applied to a spacecraft over a single interaction. Through manipulation of the orbital energy equations the ∆V applied is a solution of the following quadratic equation:
For our simulation, the equivalent tangential ∆V applied over a single interaction is ∆V = 0.0141 m/s, for a total of 160 m/s applied per year. This is comparable to the ∆V per year required for a satellite of this ballistic coefficient to maintain its altitude. 
V. Conclusion
New developments in non-contacting interfaces have typically been thought of in terms of how they could be used to aid the formation flight task of vehicle stationkeeping. We propose using non-contacting forces to effect orbit change maneuvers for individual vehicles by pushing off from other bodies in orbit. The differential equations describing the evolution of the orbital elements form the basis of our analysis. We couple the multibody dynamics through force interactions. As these inter-satellite forces are limited in their operational range, the dynamics of the system make discrete switches between two modes of operation and can be modeled in the framework of a hybrid system.
The key to designing a successful spacecraft pair utilizing these inter-satellite forces lies in the appropriate selection of interaction opportunities. The conditions upon the sensitivities of particular parameters to the inter-satellite force enter into the hybrid system model by augmenting the conditions that must be met to switch from one mode of operation to another. With apriori knowledge of the interaction states and times, one can ensure that the orbits of the spacecraft evolve as desired.
The motivating example of orbit maintenance in the presence of atmospheric drag demonstrates the utility of this type of system to a real-world challenge. The simulation suggests the capability to maintain two spacecraft in LEO indefinitely-rather than their predicted lifetime, which is on the order of months.
15
Using PLP as an example inter-body force, this arrangement offers the cability to place two spacecraft in a lower-altitude orbit with an indefinite lifetime and no fuel consumption. Through frequent, short interactions, this relatively weak force is able to produce an important change.
We have developed a set of analysis tools for non-contacting pairs of spacecraft with an inter-satellite force based upon the concept of the sensitivity of relevant orbit parameters to the force strength. These tools allow for the design of configurations that would produce the changes desired to reach a particular goal from an initial state. Future work for this topic includes the expansion of these tools to include controllability, reachability, and observability analyses for these hybrid systems, and for the further development of conditions upon these interactions to maintain system health while working towards a target state.
